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Abstract 
In this study, pure SiO2 and SiO2-CaO-ZnO sol-gel were coated on alumina substrates, respectively. The effects of 
coating conditions and sintering temperatures on the phase structures, microstructures, surface roughness and 
mechanical properties of coatings were studied. For SiO2 coating layer, the roughness of Al2O3 substrates improved 
significantly at 1300 qC, and the average roughness was approximately 15.4 nm based on the thickness of coating 
layer which was about 1.69 Pm. In conclusion, the study derived that for SiO2-CaO-ZnO coatings, the roughness of 
Al2O3 substrates improved at 1200 qC, and the average roughness was < 20 nm based on the thickness of coatings 
(about 1.0 Pm). However, the adhesive force of coatings was achieved at about 21.4 MPa. 
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1. Introduction 
Rapid technological advancements in many electronics industries, such as in the telecommunication and 
information, the aerospace, and the precision measurement sectors of industry, require the continuous development 
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of electronic components to achieve higher precision, reliability, and integration.[1] Among these components, the 
resistor is one of the fundamental components and is primarily used in electronic circuits. In this respect, the 
demands for thin film resistors with low temperature coefficients of resistance (TCR) and high precision have been 
increasing dramatically in recent years. [2-5]. 
Al2O3 ceramic material substrate are widely used in several application domains including construction materials, 
chip resistors, filters, electronics sensors, catalysts, and heat insulators.[6–8] Especially, this substrate is a 
competitive solution for passive component miniaturization due to low cost. This kind of substrates exhibits high 
surface roughness that is necessary for some applications such as filtration or catalyst but is not compatible with 
some others. In these latter cases, it was then necessary to modify the surface of such materials by closing the 
surface porosity and reducing the surface roughness.  
Sol–gel process is an important technique for producing high quality glasses and fine ceramics, and especially for 
synthesizing coatings. Preparing coating layers using this process, presents a lot of advantages such as low 
temperature, low cost and the possibility of coating different substrate materials and complex geometries. [9] 
However, low-temperature formation and fusion of the crystals have been the main contributions of the sol-gel 
process, that is, in comparison with conventional methods. 
Few papers reported the studies of sol-gel coating on the alumina substrate. Touzin et al. reported that highly 
porous ceramic materials were coated using a composite sol–gel method, the resulting coatings presented good 
adherence to the substrate, decreased the roughness and also closed the surface porosity of the substrate. [9] Leivo et 
al. reported that thin ceramic coatings were prepared on α-alumina substrates by the sol–gel process and calcined in 
order to establish an amorphous aluminosilicate ceramic phase with and without nanosized transitional mullite 
crystals. However, they focused on biomaterials. [10] 
This research describes the processing and the microstructural characterization of sol–gel coatings deposited on 
Al2O3 ceramic substrates in order to make the surface smoother. The SiO2 and SiO2-CaO-ZnO were used as coatings 
on Al2O3 ceramic substrates. Adhesion force between the coatings and Al2O3 ceramic substrates was measured and 
correlated to the annealing variables of the coatings.  
2. Experimental procedure 
The substrates used in this study are Al2O3 substrates with 200 nm surface roughness (commercial type). Before 
surface treatment, they were first cleaned ultrasonically in ethanol for 10 min and then in distilled water for 10 min. 
The silica sol was prepared by mixing tetraethylorthosilicate (Si(OEt)4; TEOS; 98%) with ethanol. TEOS was then 
hydrolyzed by distilled water (TEOS : H2O = 1 : 4) and the resulting sol was magnetically stirred for 30 min. To 
catalyze hydrolysis and condensation reactions, pH sol was adjusted at a value slightly lower than 2 by adding 
hydrochloric acid (HCl, 1 M). Acid catalysis conditions favour long Si–O–Si chain formation and therefore promote 
film production. [11,12] Furthermore, such a low pH prevents fast gelation of the sol, thus giving time for the 
powder dispersion. [12]. Coatings were obtained by spin coating on Al2O3  substrates. The spin coating rotations 
were 1000, 1500, 2000, 2500 and 3000 rpm. After drying at 100 ◦C for 30 min, samples were heat treated at various 
temperatures (from 900 up to 1300 °C) for 60 min in air at a heating and cooling rate of 2 ◦C/min. SiO2-CaO-ZnO 
(SCZ) sol-gel prepared at 4:2:1. Ca(NO3)2Ʉ4H2O (98%, Nihon Shiyaku reagent), Zn(NO3)2Ʉ6H2O (95%, Nihon 
Shiyaku reagent) and Si(OC2H5)4 (98%, ECHO) were mixed with ethanol. The surface roughness of coatings/Al2O3 
substrates were examined by atomic force microscopy (AFM, Digital Instrument Nanoscope IIIa controller with 
Dimension 3100 stage) operated in a tapping mode using the rectangular Silicon cantilever coated with Au. All the 
measurements were performed using a constant force. The adhesive strength of coatings/Al2O3 substrates was used 
to represent the present pull-out test results using an EZ-Test machine (Shimadzu EZ Tester, Japan) at a loading rate 
of 0.5 mm/min. 
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3. Results and discussion 
3.1. SiO2 coatings 
Fig. 1 shows the XRD patterns of SiO2 coatings at different heat treatment temperatures. It found that all 
specimens had amorphous structures, They still remained amorphous at 1300 °C. SEM morphology of SiO2 coatings 
at spin coating 2500 rpm with different heat-treatment temperatures are shown in Fig. 2. Some cracks were observed 
for SiO2 coatings on Al2O3 substrates below 1100 °C as shown in Fig. 2 (a) and (b). When heat treatment was at 
1200 °C, partial SiO2 coatings melted significantly (Fig. 2(c)). SiO2 coatings melted fully at 1300 °C as shown in 
Fig. 2 (d). To understand the adhesion strength between SiO2 coatings and Al2O3 substrates, the tensile test was 
applied. Table 1 summarizes the adhesion strength of all the SiO2 coatings as a function of heat treatment 
temperatures. The heat treatment temperatures had a significant effect on the adhesion strength; with increasing heat 
treatment temperatures, there is an obvious increase of the adhesion strength. Higher heat treatment temperatures 
caused an increase in the adhesion strength. This was due to SiO2 coatings melting partially at 1200 °C and fused 
fully at 1300 °C. On the other hand, a low adhesion strength was obtained at 1100 qC, this is attributable to the many 
cracks present in the SiO2 coatings. Table 1 also lists the surface roughness of Al2O3 substrates with different heat 
treatment temperatures. The surface roughness of Al2O3 substrates improved significantly at 1300 qC, and the 
roughness is approximately Ra=15.4 nm based on the thickness of coating layer (about 1.69 Pm). 
 
 
Fig. 1. XRD patterns of SiO2 coatings heat-treated at 900 °C – 1300 °C. 
 
  (a) (b) 
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Fig. 2. SEM photomicrographs of SiO2 coatings with spin coating 2500 rpm at different heat-treatment, (a) 900 °C, (b) 1100 °C, (c) 1200 °C, (d) 
1300 °C. 
 
Table 1: Adhesion strength of SiO2 coatings at different heat-treatment. 
Heat treatment temperature 1100 ć 1200 ć 1300 ć 
Coatings thickness (ƶm) 1.80 1.78 1.69 
Tensile Strength (MPa) 3.4 8.8 10.2 
Surface roughness, Ra (nm) --- 40.9 15.4 
 
3.2. SiO2-CaO-ZnO coatings 
Fig. 3 shows the XRD patterns of SiO2-CaO-ZnO coatings deposited on Al2O3 substrates at different heat treatment 
temperatures. It found that all specimens had a crystalline structure. For example, the main phase was CaSiO3 at 900 
°C, and the Ca2ZnSi2O7 and quartz were the main phases at 1100 °C. Moreover, the Ca2ZnSi2O7, quartz and 
tridymite were the main phases at 1300 °C. Fig. 4 shows the XRD patterns of SiO2-CaO-ZnO coatings deposited on 
Al2O3 substrates at different heat treatment temperatures. The ZnAl2O4 phase was observed in all specimens, and the 
peak strength increased with increasing  heat treatment temperatures.  The reason for this was due to the reaction of 
SiO2-CaO-ZnO coatings with Al2O3 substrates during heat treatment. 
 
 
 
Fig. 3. XRD patterns of SiO2-CaO-ZnO coatings heat-treated at different temperatures. 
 
(c) (d) 
112   Tung-Yueh Liu et al. /  Procedia Engineering  141 ( 2016 )  108 – 114 
 
Fig. 4. XRD patterns of SiO2-CaO-ZnO coatings on Al2O3 substrate at different heat-treatment temperatures. 
SEM morphology of SiO2-CaO-ZnO coatings at spin coating and heat-treatment temperatures are shown in Fig. 5. 
Many holes were observed in SiO2-CaO-ZnO coatings on Al2O3 substrates at 900 °C as shown in Fig. 5 (a) and (b). 
It may be related to the evaporation of some low-temperature phases in the SiO2-CaO-ZnO coatings. When heat 
treatment was at 1200 °C, SiO2-CaO-ZnO coatings melted significantly as shown in Fig. 5 (c) and (d). The surface 
roughness of SiO2-CaO-ZnO coatings varied at different heat treatment temperatures and spin coating as shown in 
Fig. 6. The heat treatment temperatures had a significant effect on the surface roughness; with increasing heat 
treatment temperature, there was an obvious decrease of the surface roughness at 1200 °C. However, it was found 
that the surface roughness increased at 1300 °C, this is attributable to thinner coating layers which could not cover 
the surface of Al2O3 substrates completely. The roughness of Al2O3 substrates also improved at 1200 qC, and the 
surface roughness was < 20 nm based on the thickness of coatings (about 1.0 Pm).  
To understand the adhesive strength between SiO2-CaO-ZnO coatings and Al2O3 substrates, the tensile test was 
applied. Fig. 7 shows the adhesive strength of all the SiO2-CaO-ZnO coatings as a function of heat treatment 
temperatures. The heat treatment temperatures had a significant effect on the adhesive strength. The adhesive 
strength increased significantly with increasing heat treatment temperatures, especially, when the adhesive strength 
was more than 20 MPa at t 1200 °C.  From the XRD analysis, we deduced that the SiO2-CaO-ZnO coatings reacted 
with Al2O3 substrates during heat treatment. The ZnAl2O4 phase was formed in all specimens, and the peak strength 
increased with increasing heat treatment temperatures.  
 
 
  (b) (a) 
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Fig. 5. SEM photomicrographs of SiO2-CaO-ZnO coatings at different spin-coating/ heat treatment, (a) 1500 rpm /900 ɗ, (b) 2500 rpm /900 ɗ, 
(c) 1500 rpm /1200 ɗ, (d) 2500 rpm /1200 ɗ. 
 
 
 
Fig. 6. Surface roughness of SiO2-CaO-ZnO coatings at different heat treatment temperatures and spin coating. 
 
 
 
Fig. 7. Adhesion strength of SCZ coated layer at different heat treatment temperatures. 
(d) (c) 
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4. Conclusions 
In order to improve the surface roughness of Al2O3 substrates, the pure SiO2 and SiO2-CaO-ZnO sol-gel were 
coated on the alumina substrates, respectively. For SiO2 coating layer, the roughness of Al2O3 substrates improved 
significantly at 1300 qC, and the average roughness was approximately 15.4 nm based on the thickness of the 
coating layer (about 1.69 Pm). For SiO2-CaO-ZnO coatings, the roughness of Al2O3 substrates also improved at 
1200 qC, and the average roughness was <20 nm based on the thickness of coatings (about 1.0Pm). However, the 
adhesive force of coatings can be achieved about 21.4 MPa. As a result, the SiO2-CaO-ZnO coatings led to real 
improvement of the substrates with increasing adhesive strength, this drastically reduced their roughness.  
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